Introduction
Cells use a variety of surface adhesion molecules to interact with other cells and with the extracellular matrix. When many types of adhesion molecules encounter a specific ligand they are capable of communicating signals across the membrane to the interior of the cell. Signalling via cell surface receptors leads to an assortment of events inside the cell which can ultimately regulate cell function. This review discusses our recent efforts to understand the process of transmembrane communication by studying how one class of adhesion molecules, the integrins, physically associate with components of the actin cytoskeleton. We will focus on our recent work which has identified a novel role for the actinbinding protein a-actinin as a direct link between actin and integrins.
Focal adhesions are a model for studying actin-membrane interactions
Many cells grown in culture form discrete sites of tight adhesion, known as focal contacts or focal adhesions, between their ventral surfaces and the extracellular matrix upon which they are grown (for reviews, see [l, 21) . Bundles of actin filaments (stress fibres) are prominent structures in cells grown in tissue culture and are anchored to the cytoplasmic face of the membrane at focal adhesions. Many proteins have been identified in focal adhesions, and while some of these may provide structural links between actin filaments and the membrane, others may serve in a regulatory capacity. Although stress fibres and focal adhesions are generally considered artefacts of tissue culture, focal adhesions are structurally and functionally homologous to sites in vivo, such as myotendinous junctions and the dense plaques of smooth muscle, where actin filaments attach to the cell membrane. Focal adhesions therefore provide a very useful experimental system for studying linkages between actin and the cytoplasmic face of the membrane.
Substrates which are capable of inducing the formation of focal adhesions include components of the extracellular matrix such as fibronectin or vitronectin. The predominant membrane receptors $To whom correspondence should be addressed.
for these extracellular matrix components, which also concentrate in the focal adhesions of cultured cells, are the integrins (for reviews, see . Integrins are a large family of heterodimeric proteins consisting of a-and P-subunits. Each subunit has a large extracellular domain, a hydrophobic transmembrane domain and a cytoplasmic tail, which is presumably responsible for interacting with cytoplasmic proteins. Several years ago, Horwitz et al. [6] identified a low-affinity interaction between the protein talin and the chicken fibronectin receptor or CSAT antigen. Talin had been previously shown to bind with moderately high affinity to vinculin [7, 81, which in turn binds to a-actinin [9] . Since a-actinin binds actin directly, these binding studies in vitro suggested a potential link between the extracellular matrix and actin filaments via integrin, talin, vinculin and a-actinin.
Two observations suggested that additional mechanisms may exist for linking actin to the membrane. First, several of these protein-protein interactions are of an apparently low affinity. While a series of low-affinity interactions may afford versatility to the system by enabling the rapid disassembly of actin-membrane attachments, a mechanism providing a more stable attachment may be necessary. Secondly, many additional components are present in focal adhesions, the functions of which are unknown, and some may be part of alternative linkages. Our recent work suggests that one such attachment between actin filaments and integrins may occur directly through a-actinin (Fig.   1 ).
In vitro identification of an a-actininintegrin interaction
T o identify novel proteins that interact with integrins and that may participate in the attachment of actin filaments to the membrane, we performed affinity-chromatography experiments on integrin cytoplasmic domains [ 101. A peptide corresponding to the complete 47 amino acid cytoplasmic domain of the integrin P,-subunit was synthesized and coupled to Sepharose via an N-terminal cysteine which had been added to the peptide. When Triton X-100 extracts of chick embryo fibroblasts were applied to these affinity columns in a buffer of physiological ionic strength, several proteins could be eluted with 0.3 si-NaCI. Of these, two were identified by immunoblotting as vinculin and a-actinin. Antibodies against many other known cytoskeletal proteins failed to react by immunoblotting to column eluates, including antibodies against talin. Presumably, the affinity of talin for integrin is sufficiently low so that it does not bind to /?, affinity columns under these conditions.
The detection of vinculin and a-actinin in column eluates was somewhat unexpected, since previous reports had indicated that neither protein was able to bind to the chicken fibronectin receptor, integrin [6] . Further work using solid-phase binding assays with /?, cytoplasmic domain peptides adsorbed to microtitre wells demonstrated that purified a-actinin, but not vinculin, could bind directly to the adsorbed peptide [lo] . This suggested that vinculin may be retained on the affinity column as part of a complex with a-actinin [9] or with some other protein. That a-actinin could indeed associate with integrin in vitro was further verified by the ability of purified a-actinin to sediment with phospholipid vesicles which had incorporated into them a purified, heterodimeric, integrin from platelets, glycoprotein IIb/IIIa [lo].
Our detection of an association between aactinin and integrin was unexpected and quite surprising. Although a-actinin can be detected by immunofluorescence microscopy in focal adhesions, it has generally been thought of as some distance from the membrane, either bundling actin filaments or forming a more distal link in a chain of attachment to the membrane. Indeed, earlier electron microscopic studies of cells with stress fibres and focal adhesions labelled with antibodies against a-actinin had suggested that a-actinin was located relatively farther away from the inner face of the plasma membrane than was vinculin [ 111. It had also been shown that a-actinin could be extracted from cells grown in suspension without dissociating most of the actin from the membrane [ 121. Hecause these cells were grown in suspension, however, they would not have had stress fibres or focal adhesions.
These results directed attention away from aactinin as a link between actin and the membrane. Finding an interaction between a-actinin and integrin in vitro suggested that this interaction may also occur in cells. In part, we have addressed this question using the technique of microinjection to introduce proteolytic fragments of a-actinin into living cells.
Does a-actinin bind integrin in cells?
T o assess the role of a-actinin as a direct link to the membrane in the cell, we have microinjected a proteolytic fragment of a-actinin which contains the putative integrin-binding site into living fibroblasts and epithelial cells [ 131. Two major fragments of 27kDa and 53 k h can be generated from aactinin using the enzyme thermolysin. Fig. 2 ). In contrast, the fluorescently labelled 27 kDa fragment concentrated along the entire lengths of stress fibres 
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larly, the 27 kDa fragment may displace the endogenous a-actinin along stress fibres and disrupt the actin-bundling activity of a-actinin that may be required to organize actin filaments into stress fibres. It is interesting that cells that had lost most or all of their focal adhesions and stress fibres, after injection with either the integrin-binding or actinbinding fragments of a-actinin, did not undergo any major shape changes or become detached from the substrate. The disruption of the actin cytoskeleton and focal adhesions was reversible as evidenced by the ability of approximately 70% of injected cells to re-form stress fibres and develop new focal adhesions when allowed to recover for 18 h after introduction of a-actinin fragments. Also, microtubule organization was not affected by injection of a-actinin fragments [ 131.
Cells that have been injected with other focaladhesion proteins including vinculin [ 161, talin or talin fragments [ 17, 181, do not have noticeably disrupted stress fibres or focal adhesions. These proteins do accumulate in focal adhesions, however, either by direct addition to these structures or by exchange with proteins already present. Disruption of stress fibres and focal adhesions after introduction of a-actinin fragments into cells is a result that appears to be unique among focal-adhesion proteins. This result is reminiscent of the disruption of stress fibres (and in some cases of focal adhesions as well) observed after microinjection into nonmuscle cells of a variety of proteins that cap or sever actin filaments [19-241 or that sequester monomeric actin [25] .
Multiple mechanisms of actin attachment occur at focal adhesions
Our finding that a-actinin can serve as a direct link between actin filaments and integrin cytoplasmic domains establishes an alternative mechanism of attachment to the suggested multi-protein link via talin, vinculin and a-actinin suggested previously [ 1, 2, 61. This redundancy may reflect the need for actin-membrane links of varying strength or stability, such that one mechanism may predominate in cells which frequently break and reform substrate adhesions (such as cells that are crawling or rapidly dividing), while another mechanism may predominate in the focal adhesions of cells that are tightly adherent to the extracellular matrix. Alternatively, attachments involving different proteins may reflect different stages in the maturation of focal adhesions. For example, a-actinin may be required for the attachment of stress fibres to more mature adhesions, but may not be necessary for the initial formation of the adhesion or may be lost before talin and vinculin from disassembling adhesions. Consistent with this possibility, in the early stages of cytoskeletal disassembly after microinjection of proteolytic fragments of a-actinin into fibroblasts, we have observed focal adhesions that contain talin and vinculin, but little or no endogenous a-actinin Recent evidence indicates that talin can bind directly to actin filaments. This suggests a third potential mechanism operating directly through talin for attaching actin filaments to integrins. The talin-actin interaction was detected using actinsedimentation assays in which purified talin sedimented with polymerized actin with an apparently high stoichiometry [26] . We have recently confirmed this interaction between talin and actin using similar co-sedimentation assays (K. Simon, unpublished work). Talin has previously been reported to contain an actin-severing activity [27], but, in our hands, highly purified talin does not contain this activity (K. Simon & K. Burridge, unpublished work). Actin-severing activity could be separated from impure preparations of talin, leading us to conclude that the reported actin-severing activity was due to a contaminant in the talin preparations. In conclusion, focal adhesions appear to be complex structures containing multiple proteins that reflect the cell's need for different mechanisms to attach actin filaments to the membrane. Future work will be aimed at understanding how these different mechanisms regulate actin-membrane interaction during different stages of cell growth and maturation. 
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Introduction
The fact that cell behaviour in part is dictated by the extracellular matrix (ECM) has been known for several decades. During the last 10 years, it has been possible to elucidate many aspects of the molecular basis of this regulation. One major breakthrough has been the discovery of integrins, a family of integral membrane glycoproteins, which recognize and bind several ECM molecules, such as collagens, fibronectin, laminin and vitronectin [ 11. In addition, all adhesive cells contain heparan sulphate, which is known to bind several components of matrix and plasma. At the cell surface, this kind of molecule can provide cells with the capability to bind several extracellular effector molecules 121. 
